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Abstract
High-throughput DNA sequencing facilitates the analysis of large portions of the genome in nonmodel
organisms, ensuring high accuracy of population genetic parameters. However, empirical studies evaluating the
appropriate sample size for these kinds of studies are still scarce. In this study, we use double-digest restriction-
associated DNA sequencing (ddRADseq) to recover thousands of single nucleotide polymorphisms (SNPs) for
two physically isolated populations of Amphirrhox longifolia (Violaceae), a nonmodel plant species for which no
reference genome is available. We used resampling techniques to construct simulated populations with a random
subset of individuals and SNPs to determine how many individuals and biallelic markers should be sampled
for accurate estimates of intra- and interpopulation genetic diversity. We identified 3646 and 4900 polymorphic
SNPs for the two populations of A. longifolia, respectively. Our simulations show that, overall, a sample size
greater than eight individuals has little impact on estimates of genetic diversity within A. longifolia populations,
when 1000 SNPs or higher are used. Our results also show that even at a very small sample size (i.e. two indi-
viduals), accurate estimates of FST can be obtained with a large number of SNPs (≥1500). These results highlight
the potential of high-throughput genomic sequencing approaches to address questions related to evolutionary
biology in nonmodel organisms. Furthermore, our findings also provide insights into the optimization of
sampling strategies in the era of population genomics.
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Introduction
Population genetic studies are generally based on statis-
tical rules of thumb that guide sample size selection. Sev-
eral studies have sampled as many as 20–30 individuals
per population to estimate genetic parameters (Luikart &
Cornuet 1998; Ward & Jasieniuk 2009; Hale et al. 2012),
while others have sampled as many individuals as possi-
ble (Hobas et al. 2013). However, sample sizes are per se
a critical issue in evolutionary studies, leading to
ambiguous, inconclusive or negative results when sam-
pling is limited (Swatdipong et al. 2010; Nazareno &
Jump 2012; Hobas et al. 2013). The establishment of an
adequate sampling scheme has been problematic for a
variety of molecular markers (Luikart & Cornuet 1998;
Koskinen et al. 2004; Kalinowski 2005; Ward & Jasieniuk
2009; Hale et al. 2012; Hobas et al. 2013; Jeffries et al.
2016). A simulation study has shown that accurate esti-
mates of population differentiation can be obtained from
relatively small sample sizes using large numbers of
SNPs (Willing et al. 2012). A single empirical study to
date has determined the power of the reduction in the
number of samples when SNPs or microsatellite markers
are used (Jeffries et al. 2016). However, no other empiri-
cal population genomic studies have been able to define
optimal sampling strategies (i.e. number of individuals
and molecular markers) when thousands of biallelic sin-
gle nucleotide polymorphism (SNP) molecular markers
are employed.
High-throughput sequencing technologies that
employ restriction enzymes to produce reduced repre-
sentations of genomes [e.g. complexity reduction of poly-
morphic sequences (CRoPS), restriction-site-associated
DNA sequencing (RADseq), multiplexed shotgun geno-
typing (MSG) and genotyping by sequencing (GBS), see
Davey et al. 2011 for a review] are enabling us to dis-
cover, sequence and genotype a high number of SNPs
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for model (e.g. Ramos et al. 2009; Mammadov et al. 2010;
Davey et al. 2011; Uitdewiligen et al. 2013) and nonmodel
organisms (e.g. Emerson et al. 2010; Helyar et al. 2011;
Hohenlohe et al. 2011; Deagle et al. 2015; Andrews et al.
2016). These new techniques have allowed us to address
a range of evolutionary questions (e.g. Emerson et al.
2010; Hohenlohe et al. 2010; Catchen et al. 2013; Lozier
2014; Deagle et al. 2015; Martin et al. 2016; Ozerov et al.
2016; Vera et al. 2016), including the establishment of
adequate sampling schemes (Willing et al. 2012). In gen-
eral, larger sample sizes are thought to be better (Ryman
& Palm 2006). However, sequencing large numbers of
individuals per population using high-density SNP-
based genome can be overkill (Morin et al. 2004; Willing
et al. 2012; Jeffries et al. 2016), inflating costs and analyti-
cal time.
Previous attempts to determine adequate sampling
strategies employing a variety of molecular markers
(Ryman et al. 2006; Hale et al. 2012; Willing et al. 2012;
Gonzales-Ramos et al. 2015; Jeffries et al. 2016) have
analysed allele frequencies (Hale et al. 2012; Willing
et al. 2012) and used regression models (Bashalkhanov
et al. 2009), or resampling techniques (Koskinen et al.
2004; Gonzales-Ramos et al. 2015). Willing et al. (2012)
demonstrated that small sample sizes are enough to
assess interpopulation divergence when thousands of
biallelic SNPs markers are used. While Willing et al.
(2012) deserve credit for being an essential study on
population genomics, addressing sampling issues
based on simulations may not always hold true in nat-
ure where model assumptions are often violated
(Koskinen et al. 2004). Thus, empirical studies evaluat-
ing the effect of sample size (i.e. minimum number of
individuals and loci) are greatly needed to estimate
the levels of genetic differentiation and genetic
diversity within natural populations.
Here, we empirically estimate for the first time the
adequate sampling size for population genomics studies.
More specifically, we determine how many individuals
and how many biallelic SNPs are needed to accurately
estimate intrapopulation genetic diversity parameters
such as the effective number of alleles, observed and
expected heterozygosity, and genetic differentiation
measured by FST (Weir & Cockerham 1984). To address
these questions, we used resampling techniques and con-
structed simulated populations with a random subset of
individuals and SNPs from populations of the Amazo-
nian plant species Amphirrhox longifolia (A. St.-Hil.)
Spreng (Violaceae). We selected A. longifolia for this
study because this species is very abundant and broadly
distributed on the banks of lowland Amazonian rivers,
making it an excellent candidate for future population
genomic approaches investigating Wallace’s riverine bar-
rier hypothesis (Wallace 1852).
Material and methods
Focal taxon
Amphirrhox longifolia (Violaceae) is a small, shrubby
tree that is broadly distributed through tropical low-
land forests from Costa Rica to eastern Brazil (Braun
et al. 2012). It is self-incompatible and pollinated by
bees, with seeds that are dispersed over short distances
by an explosive mechanism (Braun et al. 2012). No
information is available on the evolutionary history of
A. longifolia, nor about how genetic variation is parti-
tioned within and among its populations. The size of
the genome for the diploid A. longifolia and other Vio-
laceae is also unknown.
Study area and field collections
The study area is located near the mouth of the Rio
Negro (Novo Air~ao, Amazonas State, Brazil). The Rio
Negro is the fifth largest river in the World and the
largest tributary of the Amazon Basin (Latrubesse
et al. 2005). The Rio Negro surroundings are covered
by dense, tall, evergreen lowland and submontane
forests, interspersed by other vegetation types such as
open grasslands and scrubby vegetation (i.e. white
sand campinas) (Macedo & Prance 1978). Deforestation
along the Rio Negro has been minimal due to the
infertile sandy soils that are unsuitable for agriculture.
Samples for this study were collected in May 2015
from two populations of A. longifolia, that is popula-
tions A (02°01036.4″S, 61°15025.1″W) and B (02°07015.5″
S, 61°10032.7″W), situated within 20 km from each
other, both on the same side of the Rio Negro
(Fig. 1). From each population, we sampled 35 repro-
ductive individuals of A. longifolia. All individuals are
separated by at least 50 m to prevent sampling from
close relatives.
Library preparation and sequencing
We extracted genomic DNA from leaf samples of A.
longifolia using the Macherey-Nagel kit (Macherey-
Nagel GmbH & Co. KG), following the manufac-
turer’s instructions. We created two genomic libraries
(A and B) using a double-digest RADseq (ddRAD)
protocol (Peterson et al. 2012), with modifications to
minimize the risk of high variance in the number of
reads per individual within a pool. Specifically, PCR
(as detailed below) was performed on each individual
samples and the amplicons were pooled for size
selection, instead of pooling samples prior to size
selection and PCR as recommended by Peterson et al.
(2012). Before the digestion reactions, we assessed
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double-stranded DNA concentration for each sample
using the Qubit dsDNA Assay Kit (Invitrogen) and
made the necessary adjustments to bring each indi-
vidual DNA in the pool to equal molar concentration.
The initial DNA concentration for each sample varied
from 350 to 450 ng lL1. Each sample was digested
with the high-fidelity restriction enzymes EcoRI and
MseI (New England Biolabs). Digestion reactions were
carried out in a total volume of 20 lL, using 17 lL
resuspended DNA, 5 units of EcoRI, 5 units of MseI
and 19 CutSmart buffer (New England Biolabs) for
3 h at 37 °C, ending with a 20-min deactivation step
at 65 °C. Reactions were then purified with the Agen-
court AMPure XP system (Beckman Coulter), follow-
ing the manufacturer’s instructions, with elution in
40 lL TE buffer. To standardize the initial DNA mass
to be added to the adapter ligation, we quantified the
amount of cleaned digests for all samples using
Qubit. Adapter ligations were carried out in a total
volume of 30 lL, combining 42 ng DNA, 0.22 lM of a
nonsample specific MseI adaptor (common for all
samples), 0.33 lM of a sample specific EcoRI double-
strand adaptor for each DNA sample, 1U of T4 DNA
ligase (New England BioLabs), and 1.39 T4 ligase
buffer which were incubated at 23 °C for 30 min.
Reactions were then heat-killed at 65 °C for 10 min
following a slow cooling to room temperature (23 °C).
A total of 96 EcoRI double-stranded barcodes with
unique 10-base pair sequences were created using
python scripts; these barcodes can be found, together
with the MseI oligo sequences, in Appendix S1 (Sup-
porting information). Ligation products were cleaned
with the Agencourt AMPure XP system and amplified
in 20 lL PCRs that contained 13.5 lL of the ligation
product, 0.2 lM of each primer (Appendix S1, Sup-
porting information), 0.2 mM dNTPs, 1.0 mM MgCl2,
0.5 U of iProofTM High-Fidelity DNA polymerase (Bio-
Rad) and 29 of iProof buffer. The PCR protocol
(98 °C for 30s, 20 cycles of 98 °C for 20 s, 60 °C for
30 s and 72 °C for 40 s, followed by a final extension
at 72 °C for 10 min) was carried out in an Eppendorf
PCR System. Before pooling samples at each library,
DNA concentration of each sample ranged from
2.36 ng lL1 (samples from library A) to 3.54 ng lL1
(samples from library B). Multiplexed libraries were
prepared with approximately equal amounts of DNA.
We used an automated size-selection technology at
2% agarose cartridge (Pippin Prep; Sage Science, Bev-
erly, MA) to select genomic fragments at a target
range size of 375–475 bp. Size, quantity and quality
of each individual library were measured on the Agi-
lent 2100 Bioanalyzer (Agilent Technologies) using the
Agilent DNA 1000 Kit. Each library was sequenced
(100-bp single-end reads) on a half lane of an Illu-
mina HiSeq 2000 flow cell (Illumina Inc., San Diego,
CA, USA) at The Centre for Applied Genomics in
Toronto, Canada (each half lane was pooled with 20
individuals from another study).
Fig. 1 Amphirrhox longifolia (A. St.-Hil.) Spreng populations (A and B) sampled in the wet season along the left bank of the Rio Negro,
Amazon Basin, Brazil.
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Identifying and genotyping SNPs
Files containing all raw sequence reads for all A. longifo-
lia individuals were analysed in STACKS v. 1.35 (Catchen
et al. 2011; Catchen et al. 2013b) for de novo assembly.
Initially, we used the process_radtags program in STACKS
to assign reads to individuals and eliminate poor quality
reads as well as reads devoid of the expected EcoRI cut
site (options—barcode_dist 4 -q -e ecoRI). All sequences
were processed in ustacks to produce consensus
sequences of RAD tags. The program ustacks takes a set
of short-read sequences from a single sample as input
and aligns them into exactly matching stacks. A maxi-
mum-likelihood framework (Hohenlohe et al. 2010) was
then applied to estimate the diploid genotype for each
individual of A. longifolia at each nucleotide position. In
our analysis, the optimum minimum depth of coverage
to create a stack was set to three sequences, the maxi-
mum distance allowed between stacks was set to two
nucleotides, and the maximum number of stacks allowed
per de novo locus was set to three. We enabled the stacks
assembly deleveraging algorithm (d), which resolves
overmerged tags, and the removal algorithm (r), which
drops highly repetitive stacks from the algorithm. The
alpha value for the SNP model was set to 0.05. Cstacks
was used to build a catalog of consensus loci containing
all the loci from all the individuals and merging all alle-
les together. Then, each individual genotype was com-
pared against the catalog using sstacks. We subsequently
used rxstacks to exclude problematic loci with a log-like-
lihood less than 100 and loci that matched a single cata-
log locus (conf_limit = 0.25) or any nonbiological
haplotypes (prune_haplo) in more than 25% of the
individuals. We then ran the POPULATIONS software within
Stacks to identify the loci found in at least 90% of all
samples at each population (P = 1, r = 0.9), with
sequencing depth of 129. We included only the first SNP
per locus in the final analysis because the use of multiple
SNPs within loci strongly affects statistical power (Morin
et al. 2009). All raw sequence reads are available from
the National Center for Biotechnology Information Short
Read Archive (Accession no. PRJNA362221).
Population characterization
We characterized the populations of A. longifolia in terms
of the number of raw reads sequenced and number of
unlinked SNPs identified. We used GENALEX 6.5 (Peakall
& Smouse 2006) to remove SNP markers showing devia-
tion from Hardy–Weinberg equilibrium (HW) for each
population of A. longifolia. We then used the software
BAYESCAN v. 2.1 with 20 pilot runs of 10 000 iterations, a
burn-in of 50 000 iterations and a final run of 100 000
iterations to remove SNPs potentially under balancing
and divergent selection. To minimize false positives,
prior odds of the neutral model were set to 10 000 (i.e.
the neutral model is 10 000 times more likely than the
model with selection; Foll & Gaggiotti 2008).
After filtering SNP markers (i.e. SNPs deviating from
HW equilibrium or under selection) for each population,
we estimated the number of effective alleles (i.e. a mea-
sure of the maximum possible diversity if all alleles had
the same frequency, Ae) as 1/Σpi
2, where pi is the fre-
quency of the ith allele (Kimura & Crow 1964). We esti-
mated the unbiased expected genetic diversity (i.e.
unbiased expected heterozygosity, uHe) by applying the
formula described by Nei & Roychoudhury (1974) and
the observed heterozygosity (Ho) by directly counting
the individuals that were heterozygous at each locus.
Population genetic statistics were averaged across loci
using GENALEX 6.5 (Peakall & Smouse 2006). We estimated
the inbreeding coefficient for each population using
Wright’s Fixation Index F (Nei & Chesser 1983). We also
estimated pairwise genetic differentiation (FST) for A.
longifolia populations using an ANOVA approach following
Weir & Cockerham (1984). We used the SPAGEDI program
(Hardy & Vekemans 2002) to compute F and FST. We
determined the significance of the deviation of F and FST
values from 0 through jackknife, using the same soft-
ware. We also assessed the impact of missing data (rang-
ing from 0% to 50%) on the number of SNPs and on the
estimates of genetic diversity parameters of A. longifolia
population.
Evaluating the effects of sample size
We used resampling techniques to investigate the effect
of sample size (i.e. number of individuals) on estimates
of genetic diversity and differentiation. Prior to evaluat-
ing the effects of sample size directly, we initially per-
formed a power analysis to determine the minimum
number of resampling replicates and SNPs that would
be needed to ensure accurate estimation of genetic
parameters. For all within-population genetic diversity
estimates, a single resampling scheme was used to gen-
erate resampled data sets differing in number of repli-
cates (x), SNPs (k) and individuals (n). Specifically, for
each A. longifolia population, we constructed simulated
data sets consisting of different numbers of resampling
replicates (x = 100, 200, 400, 600 and 750), each repre-
sented by all combinations of different sample sizes
(number of individuals per population, n = 2, 4, 6, 8, 10,
15 and 20) and number of SNPs (k = 50, 100, 200, 500,
1000, 1500, 3000, and 3500). To construct each resampling
replicate, we selected a random subset of individuals
from the empirical data set (n = 35) using a custom script
in R (R Core Team 2014; Appendix S2, Supporting infor-
mation). The resulting simulated ‘populations’ were
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considered independent because sampling was carried
out without replacement (i.e. no A. longifolia individual
was included more than once in the same replicate).
However, the same individual could be included in more
than one replicate of the simulated data set for each sam-
ple. For each simulated population, we further randomly
resampled k = 50 to 3500 SNPs. The R output files for the
simulated populations were then converted into Gene-
pop infiles using the software FORMATOMATIC v. 0.8.1
(Manoukis 2007). Finally, we used GENALEX 6.5 (Peakall &
Smouse 2006) to estimate intrapopulation genetic diver-
sity parameters (i.e. AE, HO, and unbiased HE) for each
replicate at each sample size (i.e. for each simulated pop-
ulation). Because the reduction in population sizes will
become increasingly more common due to habitat frag-
mentation and degradation, we also performed all analy-
ses using a not filtered data set (i.e. SNPs deviating from
HW equilibrium or under selection were included
because these tests are not possible when small sample
sizes are used).
Although it has previously been noted that genetic
diversity estimates are often not directly comparable
across populations with different numbers of individuals
due to ascertainment bias in small populations (Petit
et al. 1998; Leberg 2002; Kalinowski 2004; Pruett & Win-
ker 2008), these biases may be much less prominent for
low-diversity markers such as SNPs (Pruett & Winker
2008). Furthermore, our resampling technique ensured
that all loci were resampled and used to calculate genetic
diversity estimates without any filtering (i.e. regardless
of whether or not loci were polymorphic in the resam-
pled populations). This approach eliminated any possi-
ble effect of ascertainment bias, making our estimates
across different sample sizes directly comparable. As
such, our resampling methods and results are directly
applicable to situations in which the same set of loci is
used to estimate genetic diversity among populations
with different sample sizes.
To estimate the degree of genetic differentiation
among populations, a slightly different subsampling
strategy was used to resample the 1620 loci shared
between populations. First, we resampled SNPs from
populations A and B individually rather than combin-
ing all individuals into a single pool. Therefore, the
population size (n) used to calculate population differ-
entiation (FST) refers to the number of individuals per
population (for a total of 2n individuals across both
populations). Second, because FST is estimated specifi-
cally over polymorphic loci, we believe that it is most
appropriate to compare FST values calculated over
resampled polymorphic loci only. Thus, while resam-
pling the data for a given sample size, we continued
to resample SNPs (without replacement) until the
desired number of loci (polymorphic in at least one
simulated population) was obtained. Using this resam-
pling strategy, simulated data sets were generated for
sample sizes that varied from two to 20 individuals
per population (n = 2, 4, 6, 8, 10, 15 and 20) and 50 to
1500 SNPs (k = 50, 100, 200, 500, 1000 and 1500), for
x = 100 replicates each. Resampling was conducted
using a custom script in R (Appendix S3, Supporting
information). We then estimated population genetic
differentiation by calculating FST (Weir & Cockerham
1984) using the R package DIVERSITY (Keenan et al.
2013). By analogue with Wright’s F-statistics, the
method of Weir & Cockerham (1984) uses an ANOVA
approach to estimate the intra- and interpopulation
variance components that are used to estimate FST
(Weir & Cockerham 1984). This analysis does not
require standardization for markers with few allelic
states (e.g. SNPs; Meirmans & Hedrick 2011); therefore,
we do not report results for any ‘corrected’ FST ana-
logues such as G’ST or Jost’s D (Keenan et al. 2013).
Box plots were used to assess the effects of sample
size on intra- and interpopulation genetic diversity
parameters because this approach is based on statistics
that do not require assumptions about the shape of the
data distribution (Krzywinski & Altman 2014). To assist
in judging differences between means, the 95% confi-
dence interval was obtained and inserted in the box plots
using BOXPLOTR (Spitzer et al. 2014).
Results
Characterization of Amphirrhox longifolia populations
About 62 million (population A) and 80 million (pop-
ulation B) single-end raw reads of 101 bp were pro-
duced on one lane of HiSeq 2000 Illumina. Each read
starts with a barcode sequence identifying a sample
(up to 10 bp long) and the 6-bp restriction site fol-
lowed by 85 bp of usable data. For population A,
98.18% of the reads (61 439 558) passed the default
quality filters, including Phred quality scores >33, and
contained an identifiable barcode. For population B,
almost 99% of the reads (79 307 358) were retained
for further analysis. Considering all samples from
population A, the average number of valid reads was
1 919 986  151 785 SE, but varied from 837 031 to
4 696 619. Although the average number of valid
reads was 2 265 924  125 951 SE (varying from
1 287 622 to 4 111 315) for population B, there is no
significant difference between the means for both
populations. Throughout the genome of A. longifolia,
we identified 3646 and 4900 polymorphic SNPs for
populations A and B, respectively, with maximum
10% missing data and minimum 12-fold coverage. For
all significance levels (i.e. a = 0.05, a = 0.01, and a =
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0.001), a total of 1.81% and 2.94% of SNPs deviated
from HWE for populations A and B, respectively.
SNPs that significantly deviated from HWE (66 for
population A and 144 for population B) were dis-
carded before further analyses. We did not detect any
loci that were under selection for any population of
A. longifolia, with the false discovery rate (FDR) set to
0.05. As such, no other loci were removed from sub-
sequent analyses.
The number of effective alleles (Ae) in A. longifolia
populations varied from 1.070  0.001 SE (population B)
to 1.083  0.002 SE (population A). The genetic diversity
(He) in A. longifolia populations varied between
0.060  0.001 SE (population B) and 0.069  0.001 SE
(population A). The fact that Ho was slightly higher than
the He, varying from 0.062  0.001 SE (population B) to
0.075  0.002 SE (population A) indicates no inbreeding
in A. longifolia populations (F = 0.074  0.008 SE,
P < 0.05, for population A; F = 0.025  0.006 SE,
P < 0.05, for population B). The FST estimated from 1620
neutral SNP markers shared between populations (i.e. all
shared SNPs, as no loci under selection were detected
using BAYESCAN) was significant and equal to 0.0785, with
a 95% confidence interval from 0.0727 to 0.0881. No sta-
tistical differences were observed for the Ae, He, and Ho
when SNPs that deviated from HWE were included. For
instance, values ranged from 1.082  0.002 SE (Ae),
0.069  0.001 SE (He) and 0.073  0.002 SE (Ho) for pop-
ulation A. In addition, when monomorphic loci (fixed in
either population of A. longifolia) were included in the
data set, no statistical differences were observed for the
genetic diversity parameters Ae (1.081  0.002 SE), He
(0.067  0.001 SE) and Ho (0.073  0.002 SE).
When we increased the maximum percentage of
missing data (r) from 0 to 50%, the number of SNPs
increased significantly. For instance, for population A,
the number of SNPs increased from 247 (0%, r = 1) to
90 740 (50%, r = 0.5). Similarly, the genetic diversity
indices were higher with maximum 50% missing
data (Ho = 0.136  0.0005 SE, He = 0.123  0.0004 SE,
F = 0.017  0.011 SE) than with maximum 0% (Ho =
0.063  0.004 SE, He = 0.060  0.003 SE, F = 0.013 
0.000 SE). However, when missing data were reduced to
0 or 10%, no significant differences among diversity
parameters were found (Table S1, Supporting
information).
Depicting sample sizes and number of loci for intra- and
interpopulation genetic diversity
We assessed the impact of increasing sample sizes for
intra- and interpopulation genetic diversity estimates by
resampling 2, 4, 6, 8, 10, 15 and 20 individuals from
empirical data sets obtained for two A. longifolia
populations. Accurate estimates of population genetic
parameters were recovered in our simulations with only
x = 100 resampling replicates (Fig. 2). For instance, when
we fixed the number of individuals (n) to two and the
number of SNPs (k) to 100, no statistical difference was
detected for the mean values of Ae, HO and He even
when the number of replicates was set to x = 100
[Ae = 1.076, 95% CI (1.071, 1.080); Ho = 0.065, 95% CI
(0.061, 0.068); and He = 0.046, 95% CI (0.043, 0.048)] or
750 [Ae = 1.073, 95% CI (1.071, 1.074); Ho = 0.064, 95% CI
(0.062, 0.065); and He = 0.045, 95% CI (0.044, 0.046)].
Our simulations allowed us to determine the mini-
mum sample size of A. longifolia needed to ensure that
the sample accurately reflects the genetic diversity of the
empirical data sets. We only show the best scenario (i.e.
minimum sample size required for a determined number
of loci; Figs 3 and 4), as a large number of scenarios have
resulted from the combination of the different sample
sizes and number of loci (i.e. 56 scenarios for each
intrapopulation estimates for each A. longifolia popula-
tion and 42 scenarios for FST estimates). For population
A, increasing sample sizes above eight individuals
appears to have little impact on the mean He, when 1000
SNPs are considered, even when some loci in the data
set were monomorphic or deviated from HWE. For
instance, the mean values of unbiased He for n = 8 was
0.065 [95% CI (0.064, 0.066)] and for n = 20 was 0.067
[95% CI (0.065, 0.069)]. Considering all SNPs in the data
set, the mean values of unbiased He for n = 8 was 0.063
[95% CI (0.062, 0.064)]. For Ae and Ho estimates, a small
sample size (n = 2) with a moderate number of SNPs (i.e.
500 for Ae and 1000 for Ho) was sufficient to recover the
genetic diversity found in A. longifolia populations
[Ae = 1.083, 95% CI (1.079, 1.086); Ho = 0.075, 95% CI
(0.071, 0.079); for n = 2, Ae = 1.083, 95% CI (1.081, 1.085)
and Ho = 0.074, 95% CI (0.073, 0.076)] (Fig. 3). The same
sample size (n = 2) was obtained when all SNPs were
considered in the data set for the number of effective
alleles and observed heterozygosity parameters
[Ae = 1.079 with 500 SNPs, 95% CI (1.079, 1.086);
Ho = 0.069 with 1000 SNPs, 95% CI (0.067, 0.071). For
population B, sample sizes above six individuals appear
to have little impact on the mean He, even when more
than 1000 SNPs are considered. The mean values of unbi-
ased He for n = 6 was 0.056 [95% CI (0.054, 0.058)] and
for n = 20 was 0.059 [95% CI (0.058, 0.060)]. Using only
500 SNPs, a small sample size (n = 2) was enough to
recover the Ae and Ho from this population of A. longifo-
lia [Ae = 1.070, 95% CI (1.068, 1.072); Ho = 0.062, 95% CI
(0.060, 0.064); for n = 2, Ae = 1.067, 95% CI (1.061, 1.074)
and Ho = 0.063, 95% CI (0.062, 0.065)] (Fig. 3). Further-
more, increasing the number of SNPs above 1000 does
not decrease the sample size needed to recover the over-
all genetic diversity of individual populations of A.
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longifolia [for k = 1000, Ae = 1.083, 95% CI (1.082, 1.085),
Ho = 0.074, 95% CI (0.073, 0.076) and He = 0.070, 95%
CI (0.0696, 0.0713); for k = 3500, Ae = 1.082, 95% CI
(1.080, 1.084), Ho = 0.075, 95% CI (0.074, 0.076) and
He = 0.070, 95% CI (0.0698, 0.0705); Fig. S1, Supporting
information].
As far as the degree of population genetic differentia-
tion is concerned, increasing sample size above two
n = 2, k = 100 n = 2, k = 100
n = 2, k = 100n = 2, k = 100
n = 2, k = 100 n = 2, k = 100
(A) (B)
Fig. 2 Boxplots showing the minimum number of resampling replicates (x) needed to obtain accurate estimates of genetic diversity for
populations A and B of Amphirrhox longifolia (Rio Negro, AM, Brazil). Centre lines show the medians; box limits indicate the 25th and
75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; outliers are represented by dots;
crosses represent sample means; bars indicate 95% confidence intervals of the means. X = 100, 200, 400, 600, 750 resampling replicates
are the sample points. AE, number of effective alleles; HO, observed heterozygosity; HE, unbiased expected heterozygosity.
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individuals appears to have little impact on the mean FST
among resampling replicates, when 1500 polymorphic
SNPs are considered (Fig. 4). For instance, the mean
values of FST for n = 2 were 0.080 [95% CI (0.078, 0.083)]
and for n = 20 were 0.079 [95% CI (0.076, 0.083)]. Further-
more, when loci are fixed in one or another A. longifolia
(A) (B)
Fig. 3 Boxplots of genetic diversity indices based on 100 replicates for populations A and B of Amphirrhox longifolia (Rio Negro, AM,
Brazil) depending on sample size (n, number of individuals). Centre lines show the medians; box limits indicate the 25th and 75th per-
centiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; outliers are represented by dots; crosses
represent sample means; bars indicate 95% confidence intervals of the means. n, sample sizes; K, number of SNPs; AE, number of effec-
tive alleles; HO, observed heterozygosity; uHE, unbiased expected heterozygosity.
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population, the mean values of FST were slightly small
[0.076 [95% CI (0.059, 0.099)] for n = 2, and 0.077 [95% CI
(0.069, 0.084) for n = 20]; however, these estimates were
not significantly different from those estimated with
polymorphic SNPs exclusively.
Discussion
Sampling design is a crucial aspect of population genetic
studies (Luikart & Cornuet 1998; Manel et al. 2012; Yan
& Zhang 2004; Cavers et al. 2005; Kalinowski 2005; Pruett
& Winker 2008; Miyamoto et al. 2008; Morin et al. 2009;
Nazareno & Jump 2012; Willing et al. 2012; Hale et al.
2012; Hobas et al. 2013). An ideal sampling design is one
in which a sufficient number of individuals are sampled
per population to obtain accurate estimates of genetic
diversity and differentiation. In population genomics,
where a large number of sequence variants (e.g. SNPs)
are screened throughout the genome, no empirical study
has ever evaluated the sample size needed to accurately
estimate genetic diversity parameters in natural popula-
tions. Our study is the first to determine the sample sizes
required for accurate estimates of genetic diversity and
differentiation using empirical data. Our results suggest
that, in general, relatively small sample sizes are likely to
be sufficient.
Specifically, we found that six to eight individuals
were sufficient to recover within-population genetic
diversity estimates, even when monomorphic loci were
included in the data set. In agreement with results
derived from a theoretical study that used simulated
SNPs data to assess population genetic structure (Willing
et al. 2012), our study also showed that statistical power
does not improve significantly when a large number of
SNPs are used, indicating a reduction in interlocus sam-
pling variance as more SNPs are sampled. However, the
optimal sample size varied for all genetic diversity mea-
sures analysed (i.e. number of effective alleles, observed
and expected heterozygosity). Confidence intervals over-
lapped for all sample sizes above two indicating that the
two-individual sample was representative of the entire
species (35-individual) sample in terms of the number of
effective alleles (Ae) and observed heterozygosity (Ho)
parameters in both populations studied (Fig. 3). For the
Ho parameter, however, the number of SNPs varied from
500 (Population B) to 1000 (Population A). Overall, our
results corroborate the idea that accurate genetic esti-
mates can be obtained when large numbers of SNPs are
employed (Morin et al. 2004; Willing et al. 2012).
Compared to traditional genotyping studies, gener-
ally lower sample sizes are required when high-through-
put sequencing is used (Willing et al. 2012; Meirmans
2015; Jeffries et al. 2016). Here, we demonstrate how
many individuals are required to estimate population
genetic structure, a fundamental parameter for the
understanding of evolutionary processes. Our results
show that even when sample sizes are small (i.e. two
individuals per population), accurate estimates of FST
can be obtained when a large number of polymorphic
SNPs are employed. This result was also recovered even
when some loci were fixed in one of the A. longifolia pop-
ulations. We assumed that the individuals sampled do
not represent extreme variants or recent immigrants to
the populations, and thus, these results should be
approached with caution. Our results provide important
insights for the population genomic era, which is revolu-
tionizing the field of evolutionary genetics. In the light of
our results, an ideal and less expensive sampling strat-
egy for a plethora of (nonmodel) species is likely to be
one in which a small number of individuals can be sam-
pled for a large number of populations, even when wide-
spread species are considered. This sampling scheme,
where a small number of individuals will be sequenced,
will greatly facilitate the use of modern genetic tools in
population genetic studies, phylogeography and conser-
vation biology, especially in developing countries where
funding is generally scarce.
Nevertheless, factors such as demographic history,
intrinsic life-history traits (e.g. mating system, pollina-
tion and seed dispersal syndromes) and overall popula-
tion characteristics (e.g. plant density, flowering
phenology, demographic structure, spatial pattern and
genetic structure) can also influence ideal sampling
schemes. Little information is still available on how
exactly these other factors should be taken into account
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Fig. 4 Boxplot of Weir and Cockerham’s FST (Weir & Cocker-
ham 1984) for populations of Amphirrhox longifolia sampled
along one bank of the Rio Negro (AM, Brazil). Centre lines show
the medians; box limits indicate the 25th and 75th percentiles as
determined by the R software; whiskers extend 1.5 times the
interquartile range from the 25th and 75th percentiles; outliers
are represented by dots; crosses represent sample means; bars
indicate 95% confidence intervals of the means. n, sample sizes;
K, number of SNPs.
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when designing sampling schemes for population geno-
mics. However, it is reasonable to expect that plant spe-
cies that are predominantly outcrossing, lack
intrapopulation inbreeding and show low levels of
genetic differentiation between populations, such as A.
longifolia populations, would require very small sample
sizes to accurately estimate population genetic parame-
ters. In fact, a simulation study has shown that low levels
of pairwise genetic differentiation as small as FST = 0.01
were detected by analysing only four individuals per
population when a high number of SNPs were used
(Willing et al. 2012).
The establishment of the most appropriate sample
size and number of loci also depends on the study’s
objective (e.g. characterization of genetic diversity,
hybridization, bottleneck detection, assignment test,
parentage inference, genetic structure and connectivity)
(Ryman et al. 2006; Morin et al. 2009; Hale et al. 2012;
Willing et al. 2012; Hobas et al. 2013; Jeffries et al. 2016).
However, only a few studies to date have examined
the best combination of the number of loci and number
of individuals to be sampled (Morin et al. 2009; Willing
et al. 2012; Jeffries et al. 2016). While no population
genomics studies have addressed such questions
empirically to date, a few studies have investigated the
impact of sampling empirically using microsatellite
markers (Luikart & Cornuet 1998; Manel et al. 2002;
Koskinen et al. 2004; Kalinowski 2005; Hale et al. 2012;
Hobas et al. 2013; Gonzales-Ramos et al. 2015). For
instance, one population assignment test recommends
30–50 individuals when genotyping 10 loci in highly
structured populations (Manel et al. 2012). On the other
hand, 20–30 individuals and 5–20 polymorphic loci are
recommended for detecting genetic bottlenecks (Luikart
& Cornuet 1998). A previous study based on two poly-
morphic microsatellite markers has reported that 25 to
30 individuals are enough to accurately estimate
expected heterozygosity, despite differences in taxon
(Hale et al. 2012). When information about genetic pat-
terns are available, some tools can help to optimize
sampling for genetic studies focusing on genetic struc-
ture, hybridization, temporal sampling, bottlenecks,
population connectivity and assignment tests (e.g. POW-
SIM by Ryman & Palm 2006; SPOTG by Hobas et al. 2013);
however, mating patterns or overlapping generation
are not taken into account in these programs. Specific
recommendations may vary, but it is always important
to consider the species’ demographic history while
establishing the most adequate sampling strategy
(Hobas et al. 2013).
In this study, a combination of ddRADseq with
high-throughput sequencing has allowed the discovery
of thousands of SNPs for robust estimations of genetic
diversity in populations of A. longifolia. No reference
genomes are available for this plant species and the
SNP markers developed here are the first of their kind
for A. longifolia, providing a basis for future genome-
wide population studies. This study has also demon-
strated that SNP markers can accurately estimate the
genetic diversity of A. longifolia populations even
when small numbers of individuals are sampled. The
next step will be to increase sampling to a wider
range of populations of A. longifolia in order to gather
in-depth information about the amount of genetic
diversity found in their populations (A. G. Nazareno
et al. unpublished). This information will also allow us
to infer the evolutionary history of this abundant
insect-pollinated Amazonian plant species.
Our results will also help to guide subsequent studies
on threatened species and on species with reduced popu-
lation sizes. These kinds of studies will be of particular
importance in the future given that naturally small popu-
lations will become more and more common due to habi-
tat loss and fragmentation. Our results are promising,
given that they suggest that it may be possible to esti-
mate genetic diversity and differentiation for such popu-
lations from very small sample sizes. Future genomic
investigations are needed to determine whether these
results will hold for taxa with contrasting life histories
and when different goals are considered (e.g. characteri-
zation of genetic diversity, population assignment tests,
bottleneck detection, and assessing genetic structure and
genetic connectivity).
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